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ABSTRACT 

The aniaotropic friction, deformation and fracture 
behavior of single-cryatal ailicon carbide aurfacea 
were inveatigated in two categoriea. The firat, is 
that in which friction and wear of ailicon carbide 
arises primarily Iron adhesion between sliding solid 
surfaces in contact, and aecond is where friction and 
wear of ailicon carbide occur aa a reault of the sur- 
face sliding against a hard particle. The categories 
are called adhesive and abrasive wear processes, respec- 
tively. In the adhesive wear process, the adhesion, 
friction and wear of silicon carbide are markedly de- 
pendent on crystallographic orientation. The force to 
reestablish the shearing fracture of adhesive bond at 
the interface between silicon carbide and metal is the 
lowest in the preferred orientation of silicon carbide 
slip system. The fracturing of silicon carbide occurs 
near Che adhesive bond to metal and it la due to pri- 
mary cleavages of both prismatic (1010) and basal (0001) 
planes. In the abrasion process of silicon carbide the 
(1010) direction on Che basal plane exhibits the lowest 
coefficient of friction and the greatest resistance to 
abrasion for silicon carbide. The anisotropic friction 
and plastic deformation are primarily controlled by the 
slip system (1010) (1120). The anisotropic fracture 
in the abrasion process is due to prloiary cleavages of 
(0001), (1010) and (1120) planes. 

INTRODUCTION 

The high strength, excellent oxidation, and creep 
resistance as well as semiconducting properties of 
silicon carbide makes it an extremely Important mate- 
rial Cor high temperature mechanical and electronic 
applications in '<ostile environments. Examples of its 
appllcstlon Include use as stable hlgli-temperature aemi- 
conductors, gas turbine blades, turbine ceramic seals, 
and s an abrasive in grinding (1,2). 

Sllicor. carbide has been studied in a munber of 
fields Including material science, solid state physics, 
metallurgy, etc. A wide variety of its properties have 
been investigat'd Including ultrapurification, growth, 
crystal structure, new device concepts, physical, chemi- 
cal, structural, optical, and electronic piopertles 
(1,2). Despite the wide scope of property studies, 
there is a lack of fundamental underatanding relative to 
the surface science of silicon carbide, that is, its 
surface chonistry and physics. The present authors have 
conducted experimental studies to gain a better under- 
standing of the surface chemistry and physlca of single- 
cyrjtal silicon carbide and its tribological proper- 
ties under a variety of exacting environmental condi- 
tions (3-5). 

Properties such as atomic denalty, spacing of 
atomic planes, surface energy, modulus of elasticity, 
slip systems, influence of imperfections, deformation, 
fracture and hardness have all been related to crystal 
orientation. 

Anisotropic friction and deformation studies have 
been made by many investigatora with a variety of salt 
structures (MgO, LiF, NaCl, etc.) aa well aa for some of 
the wear-resistant materials such aa sapphire, diamond, 
and ferric oxide (b-16). 


Although considerable effort has bean put forth in 
determining the anisotropic friction behavior of single 
crystals on a variety of crystallographic planes and 
directions, the aniaotropic friction and wear arise pri- 
marily from nonadhesive processes, such aa abrasion. 

Very few studies of the anisotropic nature of friction 
and wear have been conducted from the consideration of 
adhesion between the sliding surfaces. 

The objective of this paper is to describe the ef- 
fects of crystallographic orientation on the tribologi- 
cal properties, that is, the friction and wear behavior 
of single-crystal silicon carbide surfaces in contact 
with various solids. 

For simplicity of discussion, the tribological 
properties and the effect of crystallographic orienta- 
tion on them are divided into two categories. The first 
is that in wliich the friction and wear of the silicon 
carbide airses primarily from adhesion between solid 
surfaces In sliding contact, and the second is where the 
friction and wear of ailicon carbide occur as a result 
of the surface sliding against a hard particle. The two 
categories are called the adlieslve and the abrasive wear 
processes, respectively. Two types of sliding friction 
experiments were conducted with the single-crystal sili- 
con caebide. The first is conducted with silicon car- 
bide in contact with metals or silicon carbide in vac- 
uum, and the second is conducted with silicon carbide in 
contact with a diamond rider in mineral oil or in argon 
at atmospheric pressure. The vacuum envlronaient is used 
In order to maximize the adhesion effect, while the oil 
and argon atmosphere is used to minimize the adhesion 
effect . 

MATER IAI£ 

The a single-crystal ailicon carbide used in 
these experiments was a 99.9 percent pure compound of 
silicon snd carbon. The unit cell of o.-SiC is hexago- 
nal with a • 3.0817 X, C • 15.1183 A, and has 21 mole- 
cules per unit cell (17,18). The method of growth is 
carbon arc . 

Specimens were within ±2” of the low index (0001) 
plane, and tjo (IQIO) and (1120) planes. The silicon 
carbide samplea were in the form of flat platelets. The 
roughness of the mirror-polished silicon carbide sur- 
faces measured by surface profilemeter was 0.3 micro- 
meter for the maximum height of irregularities. 

The mitals (W, Fe, Rh, Ni, Tl, Co, Cu and Al) were 
all polycrystal lint- . The titanium was 99.97 percent 
pure, and the copper was 99.999 percent pure. All other 
metals were 99.99 percent pure. The radius of awtal pin 
(rider) speclsien was 0.79 nm. 

The diamonds were commercially purchased. Dlemond, 
the hardest known material, indents silicon carbide 
without Itself suffering permanent deformation. It is 
elastic constants are alao vary high. The Young's modu- 
lus of silicon carbide la about 4.5X10^ pascals, while 
that of diamond lies between 7x10^ and 10x10^ pascals 
(19,20). 

APPARATUS 

Two apparatuses were used in this investigation. 

One was a vacuum syatem capable of measuring adhesion, 
load, and friction. The apparatua also contained tools 


for lurfica analystii and an Augar elactron apectroa* 
copy (AES). The awchanlam uacd for aiaaaurtng adhaaion, 
load, and friction la ahown achanatlcally In Fig. 1(a). 

A glmbal-mountad beam la projected Into the vacuum aya- 
tern. The beam contalna two flata laachlned normal to 
each other with atraln gagea mou 'tad thereon. The and 
of the rr 1 contalna the metal or . < I Icon carbide rider. 

Aa th I- la moved normal to the Jlat apeclmen, a 
load !n .ppllad that la meaaured by the atraln gage. 

The V .tlcal eliding motion of the rider along the flat 
aurface la accompllahad through a motorlaed glmbal aa- 
aembly. Under an applied load, the friction forca la 
aenaed by the atraln gage normal to that uaed to mea- 
aure load. Multiple wear tracka could be generated on 
the flat apeclmen aurface by tranalatlonal motion of 
the beam containing the rider. Ihla feature waa uaed 
to examine the coefficient of friction at varloua loada. 
Rldor alldlng wax In Che vertical direction, aa ahown 
In Fig. 1(a). The vacuum apparatua In which Che compo- 
nenta of Fig. 1(a) were contained alao had an AES. The 
electron beam from AES could be focuaed on any flat 
alta dealred. The aecond apparatua waa a ayatem cap- 
able of mcaaurlng friction In oil. The mechanlam for 
meaaurlng friction la ahown achematically In Fig. 1(b). 
The beam contalna one flat machined normal to the direc- 
tion of friction application. The end of the rod con- 
talna Che diamond rider. The load la applied by plac- 
ing deadwelghta on a pan that alta on top of Che rod. 
Under an applied load the friction force la aenaed by 
a atraln gage. 

EXPERIMFilTAL PRlKEDURE 

Adhealve wear . The Hat and rider apeclnienx *«.'e 
pollahod with a 3 mlcnxneter diamond powder and then a 
1 micrometer aluminum oxide powder. The radlua of 
rider waa 0,79 millimeter. Both apecimens were rlnaed 
with 200 -proof ethyl alcohol. 

For the experlmenta In vacuum the apeclmena were 
placed In the vacuum chamber and the ayatem waa evacu- 
ated and aubaequently baked out to achieve a preaaure 
of 1 . 3 x 10*8 N,m2 ( 10*'8 Torr). Two apeclmen cleaning 
procedurea were uaed for alllcon carbide In vacuum; 

(1) argon aputtcr cleaning, and (2) healing to 800'’ C. 

In the flrat procedure, argon gaa waa bled back Into 
the vacuum chamber to a preaaure of 1.3 paacal. A 1000- 
volt, direct-current potential waa applied and the apecl- 
mena (both flat and rider) were argon aputter bombarded 
for 30 mlnutoa. After 1 hour the vacuum chamber waa re- 
evacuated and Auger apecCra of the flat aurface were 
obtained to determine the degree of aurface cleanllneaa. 

The aecond procedure examined Included a realatance 
heating In aitu to a temperature of 800” C at a preaaure 
of 10*8 paacal for an hour and aubaequent cooling to 
room temperature with the cryatal in the aa-recelved 
aiate alter having been baked out In the vacuum chamber. 
The temperature of tlie alllcon carbide aurface waa mea- 
sured with a conventional thermocouple In direct contact 
with the surface of the silicon carbide apeclmen. The 
rider specimen was argon sputter cleared. Wtien tlie flat 
and rider aurfaces were clean, friction experiments were 
conducted. 

hoads of 3 to 30 grama were applied to the rider- 
flat contact by deflecting the beam of Fig. 1(a). Both 
load and friction force were continuously monitored dur- 
ing a friction experiment. Sliding velocity was 3 mm/ 
min, wltli a total sliding distance of 3 mllllmctera. 

All Irlctlon experiments In vacuum were conducted with 
the system reevacuated to a pressure of 10*8 g/m^. 

Abrasive wear . The diamond riders were conical. 

Tlie apical angle of conical rider was 117” 11” and the 
radius of curvature at the apex was leas than 3 micro- 
meter. The riders were polished with 1 micrometer 
aluminum oxide pi>wder bclore each friction experiment. 

The silicon carbide waa polished with diamond and alumi- 


num powder, as above mentioned. Both silicon carbide 
and diamond surfaces were rinsed with water and 200 - 
proof ethyl alcohol before use. The friction experi- 
ments were single-pass, with a total sliding distance 
of 2 sax, at a sliding velocity of 3 smi/mln In pure mln- 
aral oil ( 21 ) or In argon at atmospheric preaaure. 

RESULTS AND DISCUSSION 

Adhealve Wear and Friction 

Cleanliness of silicon carbide surfaces . An AES 
spectrum of the single-crystal alllcon carbide surfaces 
obtained before sputter or heat cleaning, but after pol- 
ishing and bake out, revealed an oxygen peak In 'addition 
to the silicon snd carbon. The oxygen peak, and the 
chemically shifted silicon peaks at 78 and 89 electron 
volts Indicated a layer of SIO 2 on the silicon carbide 
surfaces aa well as a simple, adsorbed film of oxygen. 
The carbon peak was similar to that obtained for 
amorphous-carbon (22). Thus, the spectrum Indicated a 
carbon contaminant on the silicon carbide surface as 
well as the SIO 2 layer. 

The AES spectrum taken after the alllcon carbide 
aurface had been argon-sputter cleaned clearly raveals 
the silicon at 91 or 92 eV and carbon peaks at 272 eV, 
aa shown In Fig. 2(a). The carbon peak la of the car- 
hide type, which la characterised by three peak labelled 
Aq to A 2 In Fig. 2(a). A small argon peak la evident 
In the spectrum, but the oxygen peak la negligible. 

The spectrum of the surface preheated to 800” C la 
almost the same as that obtained for an argon sputter 
cleaned surface, as Indicated by the data In Fig. 2. 

The spectrum of this surface reveals that main silicon 
peak appears at 88 eV, and the carbon peak of the car- 
bide type Is at 271 eV. No argon and oxygen peaks, 
however, are seen In the spectrum. Friction experlaienta 
were conducted In vacuum with aurfaces cleaned In the 
manner Just described. 

Wear . Sliding friction experiments were conducted 
with silicon carbide ( 0001 ) surface In contact with 
various metals (W, Fe, Rh, Nl, Tl, Cu, Cu, and Al), and 
the silicon carbide Itself. All the silicon carbide 
surfaces contacted by the metals Investigated were found 
to have transferred metals on the silicon carbide sur- 
face even with a single pass of a metal rider. Typical 
examples of metal transfer are shown In Fig. 3. The 
coetilclent of friction for alllcon carbide In contact 
with various metals was related to the relative chemi- 
cal activity of the metals. The more active the metal 
(e.g,, aluminum snd titanium), the higher the coeffi- 
cient of friction (3). Tlie chemical activity of the 
metal and its shear modulus also play important roles 
In mt'tal- transfer and wear. The more active the metal, 
and the leas resistance It has to shear, the greater 
the transfer to silicon carbide (3). 

TTie coefficient of friction for alllcon carblda In 
sliding contact with silicon carbide Itself Is almost 
the same aa tltoae lor alllcon carbide In contact with 
the chemicdlly active metals titanium and aluminum. 

The coefficient of friction la approximately O.b, When 
repeated passes were made of the metal riders over the 
same single-crystal silicon carbide aurface, the coeffi- 
cient of friction generally decreased with the number 
of paasea to an equilibrium value wh<ch depended on the 
nature of transfer of the metalk. In contrast, when re- 
peated passes were made with the silicon carbide rider 
on silicon carbide, the coefficient of friction waa 
generally constant at O.b. 

The sliding of a metal or silicon carbide rider on 
a silicon carbide flat (OOul) surfaces results In 
cracks along cleavage planes of ( 1010 ) orientation. 
Figure 3 shows scanning electron micrographs of the 
wear Hacks, generated by 10 passes of rhodium and tita- 
nium riders, on (he slllron carbide ( 0001 ) surlsce along 


tlir illrvctlon. Tliv crack*, wtilch arc otiacrvrd 

In the wear track*, primarily propaKatc alonK clcavaKc 
plane* of the ( 10101 orientation. In Fig. 3(a), a 
hexagon-ahapeU light area 1* the beginning of wear 
track, ami there J^a a large crack where crack* primar- 
ily along the (1010) plane* were generated, propagated, 
and then interaected during loading and eliding of the 
rhodium rider over the alllcon carbide aurface. It 1* 
anticipated from Fig. 3(a) that aubaurface-cleavage 
cracking of the (0001) plane*, wltlch are parallel to 
the eliding aurlace, alao occur*. Figure 3(b) reveal* 
a hexagon-ahaped pit and a coplou* aimnint oi thin tita- 
nium film ariHind the pit. Tlie hexagon-bhaped fractur- 
ing 1* primarily due to cleavage-cracking along (1010) 
plane* and aubaurf ace-c leavage-cracklng along the 
lOOOll plane, The very amooth aurface at the butt.xn 
of hexagon-pit 1* due to cleavage of the (DOOl) plane*. 

Figure 4 llluatratea detailed examination of alll- 
con carbide wear debrla produced by lO-paaa alldlng of 
aluminum rldera on the alllcon carbide aurface. The 
jcannlng electron mlcrographa already reveal evidence 
ot nxiltlangular wear debrla particle* of alllcon carbide 
with tranaferred aluminum wear debrla on the alllcon 
carbide wear track. Such multlangular wear debrla par- 
tlclea have cryatal lograplilcally oriented aharp edge*. 
They had ahape* which were nearly hexagon, rhoaibu*, 
parallelogram, or aquare (23). Theae ahape* laa^ be re- 
lated to aurface and aubaurface cleavage of (1010), 
IU2UI, and 1000!) plane*. 

Similar hexagon-ahaped pit and multlangular wear 
debrla, having cryatallograplilcally oriented aharp 
rdgea, were alao obaerved with alngle-cryatal alllcon 
carbide In contact with Itaell. Figure 3 clearly re- 
veal* the groa* hexagonal ahaped pita on the wear acar 
ol alllcon carbide rider and a nearly full hexagon- 
ahapo and flat wear particle. The wear debrla wa* ob- 
aerved to tranafer to the flat apeclmcn of alllcon car- 
bide. Thuu, the cryatallographlcally oriented crack- 
ing and fracturing of alllcon carbide occurred a* a re- 
ault of alldlng of the awtal or the alllcon carbide 
rider. 

Frictio n. Friction experlawnta were conducted 
with the Iron rider alldlng on a alllcon carbide (0001) 
.;.irrace, which waa cleaned by heating to a temperature 
BOO-' C In vacuum, the frictional propertlea of the 
alllcon carbide (0001) aurface In contact with Iron at 
temperature* up to BOO’’ C 1* Indicated In the data of 
Fig. b. Augar analyal* Indicated that the reheated 
aurface after the cleaning proceaae* waa the aame aa 
that of cleaned aurface. The coefficient of friction 
generally Increaaea with Increaalng teiaperature from 
about 0.3 In the (1010) alldlng direction and 0.4 li- 
the (1120) alldlng direction at roixa tenperatute to 
0.73 and 0,b3 at about BOO*' C. reapertlvelv Alth.Mgh 
the coefficient of friction remalna low boUm 300" C, 

It Increaxea rapidly with Increaalng temperature In the 
range o< jOO*’ to bOO'’ C. There la then, however, little 
lurthi r Increaae In friction above b00° C. 

The rapid Increaae in friction at temperaturea of 
300^ to bOO'’ C can be related to an Increaae In the ad- 
haalon reaultlng from racryatal lliatlon of Iron. Iron 
noriaally ha* a recryatalllxatlon teaperature of 200° to 
300° C. The experlmenta hareln ware atarted with a de- 
fonaed aurface of polycrya'aUlne Iron. At temperaturea 
of 300° to b00° C, recryatalllaatlon will occur for Iron 
In contact with the alllcon carbide. Recryatalllaed- 
annealed Iron aurface* are leaa realatant to dafonaatlon 
and adliealon than are deformed aurfacea. The general 
Increaae* In frU'.'on at elevated temp, raturea are then 
due to the Increaaed adhealon and plaatlc flow In the 
area of contact. 

The data of Fig. b Indicate that the friction be- 
havior of alllcon carbide In contact with Iron 1* highly 
anlaotroplc over the entire temperature range of room 


teatperature to 800° C. With alllcon carbide aeveral 
allp ayatema have been obaerved In a-alllcon carbide. 
Including the lOOOl) (1120), 13301) (1120) and (loTo) 
(1120) (24,23). The preferred cryatal lographlc allp 
direction or the^dlrecTlon of ahear for the baaal (0001) 
plan* la the (1120) direction. Examination of the co- 
efficient of friction on the baaal plane Indlcatea tliat 
the coefficient of friction la lower In the (1120) 
direction than It waa In the (1010) direction. The co- 
efficient of friction reflect* the force required to 
ahear at the Interface with the baaal planea ot the 
alllcon carbide parallel to the Interface, The reault* 
preaented In Fig. 6 Indicate that the fore* to cealat 
the ahrarlng fracture of the adhealon bond at the Inter- 
face 1* lower In the preferred cryatallographlc direc- 
tion than It 1* In Che (1010) direction. 

Silicon carbide 10001) aurface*, which were argon 
apuCter cleaned or were heat cleaned In altu, revealed 
no algnlf leant difference In coefficient of friction. 

The frictional anlaotropy 1* alao almllar, that la, the 
coefficient of friction 1* ^ower In the (1120) direc- 
tion than It .,k in the (loTo) direction. 

Abraalve Wear and Friction 

Hardneaa . Aa hardneaa 1* a conventionally uaed 
parameter for Indicating abraalon realatanca. It 1* uae- 
ful to attornp; an examination of hardneaa anlaotropy of 
aillc.-.n carbide. Figure 7 repreaent* a back reflection 
Laur photograph and Che reault* of Knoop hardneaa ex- 
perlmenta made on Che llXtOll plane of alllcon carbide. 
Specimen* were leaa than *2^ of the low Index lOOOl) 
plane. The Knoop hardneaa t* picacnted aa a function 
of orientation with the long axl* ot tin- Indanter In 
the ytOlO) direction at 10° Interval*. The hardneaa 
decreaae* snccthly to a minimum value of about 2B70 
located near 30° from Che ( loTo) direction. Figure 7 
Indlcatea that the ( lolo) direction la the oiaxloaim hard- 
nea* direction and Cite value of hardneaa 1* about 2830. 
The hardneaa reault* are very conalatent with thoae of 
Shaffer and Adewoye (2b, 27). 

Wear. Sliding friction experlmenta were conducted 
with a conical diamond rider In contact with fist alll- 
con carbide lOOOl), (1010), and (1120) aurface* Im min- 
eral oil at atmoapheiic preaaur*. The eliding generally 
Involve* plaatlc flow and aurlace cracking In alllcun 
carbide. Figure B ahowa acannlng electron mlcrographa 
ot the wear track and wear debrla generated during alld- 
lng procea* of rider on the alllcon carbide (0001) aur- 
face. In Fig. 8(a), both the loading and tangential 
force were applied to the apecloMn, but no groa* alld- 
lng of rider wa* obaerved. 

A aector-ahaped light area ad.lacent to and ahead 
of wear track (plaatlc Identatlon) made by rider 1* a 
large particle of wear debrla which wa* generated by 
both tangential and normal force* during mlcroalldlng 
of the rider. A large number of email wear debrla par- 
ticles are alao generated during loading and mlcro- 
alldlng by rider. It la anticipated from Fig. 8(a) that 
groa* fracturing 1* prlamrlly due to deal e-cracklng 
along llOlO) plane* and aubaurface-cleavage-cracklng 
uade by microal'dlng of the rider. Further, Fig. 8(b) 
*hi>w* a acannlng electron micrograph of wear track and 
wear drbri* after groa* alldlng. 

Figure 8(b) reveal* the wear debrla haa been di- 
vided (fractured) by groaa-alldlng of rider, and th* 

«>*ar track la piaatlcally deformed. Th* groaa wear de- 
brlk ha* aharp edge* generated by cleavage cracking of 
(lOlO) plane*. At th* third atag* of th* fracturing 
procea*, the g. >** wear debt la partloe* Iractured, dl- 
\ .dad and wa* elected from the weai Crack. Th* track, 
where the wear debrla particle wa* *J*ct<*d reveal* chat 
the fracturing 1* the t ault of aurface cracking. Tlila 
1* a reault o. cleavage of th* (lOlO' plane* and aub- 
aurfac* crackln* occurring will- cleavage along (0001) 
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Ptgur* 9 ravaaU Cha waar tracka accoaipaBla4 
by fractura, Axaln, thla la prtaarlly dua to aurfaea 
eracklns of (loTo) planaa obaarvad on both aldaa of tha 
waar track and aubautfaca cracking of (0001) planaa. 

Tha waar dabrla partlclaa wara ajactad froa tha waar 
track. 

Thua, tha fractura bahavlor of alllcon carblda dur* 
Ing alldlng, aa aantlonad above, aay ba eaplalud In 
tama of tha fractura energy acting In the (1010) claav 
aga ayrtaa (prlaary cracking ayataw) during alldlnga In 
the (lOTo) and (1120) dlractlona on a (0001) alllcon 
carblda aurfaea. 

Figure 10 ahowa typical acannlng electron alcro* 
gra£ha of the groovaa on tha alllcon carblda (1010) and 
(1120) aurfacaa ganaratad by a alngla paaa of tha dla- 
■ond rider. In Fig. 10, the rectangular area conalata 
of a large crack with lodged waar dabrla, where the 
cracka ware ganaratad, propagated, and than Interaactad 
during eliding of tha rider. The cracking generally de- 
panda on tha cryatallographlc orlantatlor.. Tha aurfaea 
cracka propagate prlwarlly In tha (0001) and (1120) or 
(1010) dlractlona. Tha foraatlona of thaaa cracka ara 
due to ^ha aurfaca-claavaga cracking along tha (0001) 
and (1120) or (loTo) planaa, racpactlvely. It la antic- 
ipated froa Flga. 8 and 9 that aubaurfaca cracking alao 
occura undamaath tha lodged rectangular wear dabrla. 

Figure 11 revaala a groaa fracture pit where the 
groaa wear dabrla particle hat already beei. ajactad. 

Tha fracture pit ravcalt that tha fracturing la the ra- 
tult of aurfaea cracking along primary cleavage planaa 
(1010) and (0001) and aubaurfaca cracking along (1010), 
aa anticipated. In the Fig. 11 aharp edgea ilg-iag 
along the (1010) and (0001) cleavage planaa. The bot- 
tom aurfaea of the fracture pit la parallel to the 
alldlng aurfaea. 

Thua, again the fracture_of alllcon carbide during 
eliding on the (1010) and (11202 aurfacaa varloua 
dlrectlona (auch aa (0001), (1010), or (1120)) la ex- 
plained In terma of the fracture onergy acting In the 
(1010), (1120), and (0001) cleavage ayateaa. 

Friction . Tha coefficient of friction and width 
of the permanent groovea, Involving plaatlc flow and 
aurfaea cracking, were meaaured aa functlona of the 
cryatallographlc direction of alldlng on the (0001), 
(1010), and (1120) planea of alllcon carbide for Che 
diamond rider In mineral oil. The wldtha of Che perma- 
nent groovea were obtained by average amaaurementa of 
20 aamplea from 7 to 10 acannlng electron ralcrographa. 
The reaulta preaenCed In Fig. 12 Indicate that the co- 
efficient of friction and the groove width are Influ- 
enced by the cryatallographlc orientation. The (1120) 
direction on Che baaal (0001) plane haa the larger 
groove, primarily reaultlng from plaaClc flow and la 
the direction of high friction for thla_planr. The 
(0001) dlrectlona on the (1010) and (1120) planea have 
the greater groove width and are Che dlrectlona of high 
friction when compared with (1120) on (1010) and (1010) 
on Che (11202 planea. The anlaotroplea of friction are 
I,vll202/o<l010) - 1.2 on (0001), »(0001 )/m( 1 120) - 1.3 
on (1010), and m(0001)/u( loTo) - 1.3 on (1120). 

Figure 12 alao repreaenta tha contact preaaure cal- 
culated from the data of the groove width In Fig. 12(b) 
and the Knoop hardneaa obtained by Shaffer (2b). The 
anlaotroplea of Che contact preaaure during alldlng and 
Che Knoop hardneaa clearly correlate with each other. 

Several a lip ayatemi have been obaerved In hexagon- 
al alllcon carbide, auch aa (0001)21120)^ ( 3301)( 1 120) , 
and (10T0 )v 1120) (24,23). The (1010)(1120) allp ayal.-m 
obaerved on the alldlng aurfaea waa reaponalble fur me 
anlaoCroplc friction and deformation behavior ot alllcon 
carbide during alldlng In the (lOlO) and (1120) direc- 
tlona on a (00011 alllcon carbide aurfacj. ihe exporl- 
mental reaulta on Che '.0001) plane generally agrerd with 
Daniel and Punn'a (28) rraolved ahear attcaa analyala 


baaad on the allp nyatam (1010)(1120). Tha minimum and 
maxima of tha roaolvad ahaar acraaa for tha (0001) plana 
of hexagonal cryatal amteh tha hard and aoft dlractlona 
on that plana, that la, the (loTo) and (lUO) dlree- 
tlona, raapactlvaly. Thaaa axparlmantal reaulta can not 
ba explained by tha Brookaa, O'Melll, and Radfam'a Qi) 
raaolved ahaar aCraaa analyala baaed on the (0001)(1120) 
allp ayatam. Thua, the anlaotroplea of friction and 
hardnaaa on tha (0001) plana atrongly correlate with 
Che raaolvad ahaar atreaa, baaad on the allp ayatam 
(1010)0120). 

The anlaotroplea of friction, contact preaaure 
(grMve width), and Knoop hardnaaa on tha (1010) and 
(1120) planaa were corralaCad_wlCh Raf. 28'a raaolvad 
chear atreaa baaad on tha (1010) (0001) and (1010)(1120) 
allp ayatema. They were alao correlated with Ref. 2S'a 
raaolved ahaar atreaa baaad on the (1210)(1010) allp 
ayatam However, the allp ayatam actualiy obaarvad In 
hexago.ial alllcon carblda, the (1010)(1120) allp ayatam, 
may ba reaponalble for thoaa anlaotroplea on tha (1010) 
and (1120) planaa. 

Similar data for Knoop_hardneaa anlaotropy of tung- 
aten carbide (0001) and (1010) aurfacaa have bean re- 
ported by French and Thoman (29) who uaad a raaolvad 
ahear-atreaa calculation Involving the (1010)(0001) and 
(1010)(1120) allp ayataau Co explain the data. Thua, 
the anlaotroplea of .rlcClon. contact preaaure, and 
Knoop hardneaa on the (0001), (lOlO), and (1120) planea 
of alllcon carbide are prliaarlly controlled by Che allp 
ayatem (loTo)Ol20). 

Figure 12 auggeat that Che (1010) on tha baaal 
plane of alllcon carblda would exhibit the lowaat co- 
efficient of friction and greateat realatanca to abra- 
alon reaultlng from plaatlc deformation, 

CONCUIS IONS 

The following conclualona are drawn from thla aCudy 
of alllcon carbide aurfacea after alldlng contact with 
diamond, metala or Itaelf, 

Adhealve Friction and Hear 

1. Hexagon-ahaped pita of alllcon carblda and Che 
fonaatlon of platelet multlangular wear dabrla. Includ- 
ing hexagon-ahaped wear debrla, are obaerved aa a re- 
ault of eliding of aingle-cryatal alllcon carbide 
agalnat .netala and Itaelf. The formation of £lta and 
wear debrla la due to cleavage of (0001), (1010) and 
(1120) planea. 

2. The coefficient of friction la marl'edly depen- 
dent on Che orientation and lC_la lower In the (1120) 
direction than that In the (loTo) direction. That la 
the force reala ting ahear Ing frncture of Che adhealve 
bonda at the Interface la lower In preferred cryatallo- 
graphlc direction of allp. 

Abraalve Hear and Friction 

1. The (loTo) direction on the baaal (0001) plana 
of alllcon carbide exhlblta tha loweac coafflclenC of 
friction and Che greateat realatance to ebraalon. 

2. The anlaotroplc fracture during alldlng on the 
baaal plane la due to aurfacu cracking along (1010) and 
aubaurfaca cracking along (0001). The fracture during 
alldlng on the ( loTo) and (1120) aurfacaa la_due to aur- 
face cracking along (0001) and (1120) or (1010) and to 
aubaurfaca cracking along (lOlO). 

3. Anlaotroplc friction and defomatiot, on the 
(0001), (1010), and (1120) alllcon carbide aurfacea are 
primarily ciMitrolled by Che allp ayatem ( 1010)( 1120) . 
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Figure 1. • Friction and wear apparatus. 
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(al HEXAGON-SHAPED CRACKING. 



(bl HEXAGON- SHAPED PIT. 


Figure 3. - Cracking and hexagon-shaped pit ol single-crystal silicon carbide in 
contKt with rhodium and titanium as result ot 10 passes of rider in vacuum 
110'° Pa). Scanning electron micrographs of wear tracks on silicon carbide 
(0001) surface. Sliding direction, sliding velocity, 3mm/min; load, 

Gl 3 newton; room temperature. 
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Figure 4. • Multiangular wear debris of single crystal silicon carbide as a result 
of 10 passes of aluminum riders in vacuum UO"® Pal. Scanning electron 
micrographs of wear tracks on flat silicon carbide. Sliding velocity, 3x10*^ 
meter per minute; k>ad, Qi 2 newton, room temperature. 
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ClEAVAGE STEPS 


lal HEXAGON-SHAPE FRACTURE. 



(bl NEARLY COMPLETE HEXAGON -SHAPED WEAR DEBRIS. 

Figure S. - Hexagon -shaped fracture and nxear debris of single-crystal silicon 
carbide in sliding contact with itself as a result of 10 passes of rider in 
vacuum. Sliding velocity. 3mm/min; load, GSN; room temperature, and 
lO"* N/m2 







STATIC COEFFICIENT OF FRICTION 



Figure 6. - Effect of temperature and crystal- 
lographic orientation of friction for silicon 
carbide lOOOll surface sliding against iron 
rider. The silicon carbide surfaces were 
heat cleaned at 80C^ C before friction ex- 
periments. 1 he coefficient of friction is 
obtained by averaging of 3 to S measurements 
Normal load, 0 l 2 N; vacuum, 10'° Pa. 
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ORIENTATION 

(b) KNOOP MICROHARDNESS ON THE .00011 
BASAL PLANE OF SlUCON CARBIDE AS A 
FUNCTION OF THE ANCLi BETWEEN THE 
LONG AXIS OF KNOOP INDENTER AND 
<1010 DIRECTION AXIS ON THE lOOOll 
PLANE. MEASURING LOAD IS 2.9 N. 

Figure 7. - Laue photograph and Knoop hard' 
ness of silicon carbide. 
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(a) RRST STAGE (BEFORE GROSS SUDING). 

Figure 8. - Mechanism of fracture. Single pass of conical diamond 
rider; sliding surface «0001F, sliding direction, <10ro>, sliding 
velocity, 3 mm/min; load, a 3 N; temperature, 25° C in argon at 
atmospheric pressure. 
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WEAR TRACK 


(b) SECOND STAGE (AFTER GROSS SLIDING). 
Figure 8. - Concluded. 
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(a) AFTER SLIDING IN v IIM DIRECTION ON IIOIOI PLANE. 
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SLIDING 

DIRECTION 



(bl AFTER SLIDING IN • 1010 DIRECTION ON lll<?01 PIANE. 

Figure 10. - Scanning electron micrographs of grooves on IIOIOI and lliMI 
silicon carbide surlaces. Load, 0.2N-, in oil. 












Figure 11, - Scanning elect' on micrograph of groove on IIOIOI silicon 
carbide surface. Load. 0. <fN; in oil. 
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Figure 12. - Coefficients of friction, groove width. contact pressure, 
and Knoop hardness anisotropies on 10001), llOlO), and 111201 
silicon carbide surfaces. 











